ABSTRACT: Molecular motion of biopolymers in vivo is known to be strongly influenced by the high concentration of organic matter inside cells, usually referred to as crowding conditions. To elucidate the effect of intermolecular interactions on Brownian motion of proteins, we performed 1 H pulsed-field gradient NMR and fluorescence correlation spectroscopy (FCS) experiments combined with small-angle X-ray scattering (SAXS) and viscosity measurements for three proteins, αB-crystalline (αBc), bovine serum albumin, and hen egg-white lysozyme (HEWL) in aqueous solution. Our results demonstrate that long-time translational diffusion quantitatively follows the expected increase of macro-viscosity upon increasing the protein concentration in all cases, while rotational diffusion as assessed by polarized FCS and previous multifrequency 1 H NMR relaxometry experiments reveals protein-specific behavior spanning the full range between the limiting cases of full decoupling from (αBc) and full coupling to (HEWL) the macro-viscosity. SAXS was used to study the interactions between the proteins in solution, whereby it is shown that the three cases cover the range between a weakly interacting hardsphere system (αBc) and screened Coulomb repulsion combined with short-range attraction (HEWL). Our results, as well as insights from the recent literature, suggest that the unusual rotational−translational coupling may be due to anisotropic interactions originating from hydrodynamic shape effects combined with high charge and possibly a patchy charge distribution.
■ INTRODUCTION
Inside cells, macromolecules occupy 20−40% of the cytoplasmic volume, 1, 2 providing an environment in which the mean distance between neighboring particles is similar to their size. Highly concentrated solutions of proteins and other organic molecules mimicking the cell interior are usually referred to as crowded environment. 3−5 Crowding affects many aspects of cellular function and organization, 6, 7 including biochemical reactions, enhanced protein refolding rates, and the stabilization or destabilization of the compact folded states. 8−11 In particular, crowding sensitively affects in vivo molecular motion, 12 where protein Brownian dynamics is rather complex due to the usually non-spherical shape of the globule and its complex non-symmetric electrostatic interactions.
The Brownian dynamics of concentrated particle suspensions can be quantitatively described by mean-field models that depend only on the overall volume fraction ϕ of the dispersed particles. This leads to the generalized Stokes−Einstein (GSE) and generalized Stokes−Einstein−Debye (GSED) relationships for the long-time translational diffusion coefficient D L and the rotational correlation time τ r , respectively:
where R H and k B T denote the hydrodynamic radius and the thermal energy, respectively. For the generalized forms, the solvent viscosity η 0 is merely replaced by the macroscopic dispersion viscosity η(ϕ); for a critical discussion see ref 13 . Such a treatment implies that a macromolecular solute is surrounded by an effective, continuous mediuma situation that is, at first glance, violated under crowding conditions. However, it is well established that the GSE relation for translational diffusion, eq 1, holds for concentrated hard-sphere (HS) 14−16 and even soft colloid systems, 17 but does not necessarily hold for charge-stabilized colloids. 13, 15 Crowded proteins represent, in general, a case in-between these limiting situations.
The validity of the GSED relationship, eq 2, has not yet unambiguously been assessed for proteins. In the presence of neighboring particles, rotational diffusion depends on the particle shape 18 and on intermolecular electrostatic interactions 19 that are, concerning proteins, usually of rather complex nature due to a non-symmetric charge distribution within the protein. Despite the high interest in crowding effects for understanding in vivo behavior of proteins, the effect on Brownian dynamics remains little studied and controversial. Notably, recent combined studies of translational and rotational diffusion of proteins contradict each other with regards to the effect of crowding: it remains unclear whether rotational diffusion becomes less retarded 20 than translational diffusion of the protein, or vice versa. 21 Thus, assessing the potential applicability of both the GSE and GSED relationships is of high relevance to ultimately link microscopic observables with biological function.
Recently we have undertaken a detailed nuclear magnetic resonance (NMR) study of the Brownian dynamics of the eyelens protein αB-crystallin (αBc) over a wide range of concentrations. 22 We found a pronounced decoupling between translational and rotational diffusion: while the slow-down of translational diffusion upon increasing the protein concentration perfectly matched the increase in macro-viscosity, rotational diffusion was almost unaffected. This effect can be explained in terms of a "caging" of the probed molecule by surrounding ones, 23−25 and is generally linked to the phenomenon of the colloidal glass transition. 26−28 Indeed, a HS-like glass transition in eye-lens α-crystallin solutions was shown recently. 29 Notably, the stable αBc assembly has a rather symmetric, quasi-spherical shape 30 as it consists of several symmetrically arranged monomers, 30 such that it resembles an almost perfect hard-sphere particle, 31 while other proteins may not. Thus, the behavior of αBc can hardly be taken as universal.
In the present work, we extend our studies by two other proteins, bovine serum albumin (BSA) and hen egg white lysozyme (HEWL). We show that the coupling or decoupling of rotational and long-time translational diffusion under crowding conditions is protein-specific and appears to be related to the specific type of interactions between neighboring proteins.
Protein molecular mobility is characterized here by both NMR spectroscopic measurements of translational and rotational 22,32 diffusion and independent measurements of the same quantities by polarized fluorescence correlation spectroscopy (FCS). These data are complemented by measurements of the macroscopic viscosity and the intermolecular interactions by capillary rheology and small-angle X-ray scattering (SAXS), respectively. Short-time translational diffusion coefficients from neutron-scattering literature data 33 are also taken into account. The combined results provide a comprehensive picture on the Brownian dynamics of proteins under "self-crowding" conditions.
■ MATERIALS AND METHODS
Samples. Native α-crystallin is a spherical assembly of two homologous proteins, αA-crystallin (αAc) and αBc, each of a monomer molecular mass of ∼20 kDa. The α-crystallin complex has a molecular mass distribution from 500 to 1000 kDa, with the average mass around 800 kDa. Subunit exchange occurs on the time scale of minutes 34 and is much slower than the time scale of our experiments. Here, we rely on our previous data reporting on pure human αBc in buffer solution. In fact, pure αBc has very similar properties to the mixture of αAc and αBc. Experiments. Translational diffusion coefficients were determined using a Bruker Avance II spectrometer with a 1 H resonance frequency of 400 MHz, using a Diff60 probehead. Pulsed field gradient (PFG) NMR diffusion decays were obtained by use of the stimulated echo technique applying bipolar gradient pulses, and were fitted by
in which A(g) is the (integral) signal intensity in dependence of the gradient strength g, and γ is the 1 H gyromagnetic ratio. δ and Δ denote the fixed gradient pulse duration and diffusion time, respectively. Exemplary PFG NMR diffusion decays for αBc, BSA, and HEWL are shown in ref 22 and the Supporting Information (SI1); data for BSA and HEWL were measured within this work. Translational protein diffusion as characterized by PFG NMR relies on diffusion times of a few tens of milliseconds, thus providing translational displacements in the μm range. Hence, PFG NMR probes protein translational diffusion in the long-time limit.
NMR data for rotational diffusion rely on longitudinal relaxation rates (R 1 ) measured on a field-cycling instrument and/or rotatingframe (R 1ρ ) and transverse (R 2 ) relaxation rate measurements of the integral 1 H signal. The derived rotational correlation times are taken from our previous publications; see refs 22 and 32.
Rotational correlation times τ r and translational diffusion times τ D were also determined by polarized FCS with alternating orthogonal, linearly polarized excitation. We used a home-built setup similar to the one described in ref 36 ; see SI2 for details on the setup, sample preparation, and data processing. Polarized FCS probes rotations of the transition dipole moment and relies on the use of linearly polarized excitation of protein-bound dyes and separate detection of the two orthogonal emission components on a single-molecule basis. The two signals of the fluorescence components that are collinear to the excitation pulses are then cross-correlated, yielding a time correlation function; see Figure 1 . Its initial rise (exponential in nature) encodes τ r , while its long-time decay encodes τ D , the time needed by the molecule to leave again the detection volume. For the latter, due to the well-known issues with focal volume calibration, we refrained from converting it into absolute values for D L . Figure 1 . Normalized cross-correlation functions G n (τ) from polarized FCS with alternating orthogonal, linearly polarized excitation for BSA at two concentrations, including fits to obtain τ r (solid red lines) and τ D (dashed blue lines).
Steady-shear viscosities were measured at a shear rate of 1000 or 2000 s −1 using the microfluid viscometer m-VROC (Rheosense Inc., CA). Upon decreasing the shear rate to 100 s −1 , the signal-to-noise ratio decreased, yet no effect on the viscosity measured was found. Despite the rather high shear rates, the measurements still provide the macro-viscosity.
SAXS measurements were performed at 20°C using an X-ray generator of rotating anode type with Cu target from Rigaku, operated at 2.4 kW, and a 2D gas detector. Generally, the SAXS signal I(q) can be written as a product of the form factor F(q) and the structure factor S(q); I(q) = F(q)S(q). The form factor contains information regarding the 3D shape of the scattering particles and was determined at low concentrations (0.5−2 vol%) and electrostatic screening conditions. The structure factor does not depend on the shape of the particles but contains the inter-particle interactions, and is determined at different protein concentrations of BSA, HEWL, and αBc by S(q) = I(q)/I 0 (q)·c 0 /c. For details, see SI3.
■ RESULTS Figure 2 presents the temperature dependence of long-time translational diffusion (a) and viscosity (b). For both cases and all proteins, we observe activation energies (E A ) close to 20 kJ/mol that increase only slightly with concentration, indicating that both quantities are largely governed by the solvent viscosity (water). This important result also indicates that transient or crowding-induced binding among the proteins is of little relevance, as such an effect would lead to a significantly increased apparent E A for translational diffusion. 37 At higher concentration, however, HEWL exhibits non-Arrhenius (Vogel−Fulcher-like) behavior, reflecting increased interparticle interactions.
The data for rotational diffusion from multi-frequency relaxometry published in our previous publications 22, 32 show the same trends in E A as discussed above for translational diffusion and viscosity. A detailed comparison of all quantities is deferred to the Discussion section. It should just be noted that the molecular tumbling times τ r , as reported in ref 22 and the Supporting Information of ref 32 , are subject to a potentially large systematic error when neglecting the, at higher concentrations, increasingly nonexponential tailed character of the tumbling correlation function (TCF) in the NMR relaxation data analysis. We have so far used an ad-hoc phenomenological approach, representing the unknown complex TCF as a superposition of two exponentials, C 2exp (t), with a minority component featuring a much slower decay time constant τ s and comparably low amplitude a s . In order to assess the influence of this "slow tail" on the reported rotational correlation time, and to enable a comparison with the value from FCS, we also consider an apparent correlation time defined as the inverse of the initial slope of the fitted apparent TCF: 
It is important to note that τ r from FCS, due to the restriction of the exponential fit to the initial time range of the FCS crosscorrelation function G n (τ), provides the same quantity as given by eq 4. Figure 3 compares τ r,ini with τ r (the apparent primary tumbling time) determined by both NMR and FCS. Despite its large influence on the NMR data analysis, the apparent "slow tail" is thus demonstrated to have a nearly negligible influence on τ r,ini in the studied concentration range. Additional uncertainty arises from the non-spherical shape of the protein, 38 but as shown in SI4, considering tensorial rotational diffusion has little influence on the fitted absolute value of τ r and its concentration dependence. In view of the potentially large uncertainties related to a complex and not necessarily multiexponential overall correlation function, 39, 40 the coincidence between NMR and FCS data, as well as the agreement with the values estimated on the basis of R H from translational diffusion in the most dilute cases, represents a relevant finding. Note that a (possibly non-exponential) long-time tail of the TCF would contribute to the FCS cross-correlation function at intermediate times, but is not reliably detectable due to its low amplitude and additional contributions from triplet dynamics and the onset of translational diffusion (see Figure 1) .
The deviation of τ r from NMR and FCS for αBc can be explained by the polydispersity of this protein, which is taken into account in different ways in NMR and FCS experiments; see SI5. This deviation is relevant mainly for dilute-limit data and does not challenge any conclusions on crowding effects. As to the latter, from the data in the given semi-logarithmic representation, we mainly take that the relative increase of τ r(,ini) with concentration differs significantly among the samples, as analyzed further below.
In order to characterize and compare directly the nature of the inter-particle interactions, we have measured SAXS data for the three proteins under study, see Figure 4 and SI3. This information is of course subject to the limitation that an isotropic average is obtained. The structure factors exhibit qualitative differences. They suggest that αBc assemblies behave like hard spheres, while BSA and HEWL are dominated by Coulomb interactions. In the latter case, short-range attractive interactions are to be considered as well. Details on the corresponding analyses, and the concentration effects on the structure factors, will be discussed in the next section. , reduced tumbling or translational diffusion times (τ r/D /τ r/D,0 ), and normalized viscosities (η/η 0 ) at 20°C, all referred to as retardation factor r. In this way, Figure 5 shows r with increasing extent of crowding (see SI6 for absolute values) and presents the central result of this work. Note in particular that the slope of the data is independent of the chosen reference concentration, as the retardation factors are plotted on a semi-logarithmic scale. As seen from Figure 5 , for all cases the reduced long-time translational self-diffusion coefficients match the increase of viscosity with concentration, i.e.,
. This demonstrates the applicability of the GSE relation, eq 1.
In Figure 5 , the steric volume fraction was defined as ϕ = cϑ, where ϑ is the specific volume of the protein (ϑ = 1.7 mL/g, 41 0.735 mL/g, 33 and 0.702 mL/g 42 for αBc, BSA, and HEWL, respectively). See SI7 for the actual data. The large specific volume for αBc (i.e., low density) results from its high molecular weight combined with the deviation of most "globular" proteins from compact-globule scaling:
The applicability of the GSE equation as observed in the present three cases is in full accordance with established colloid-science concepts: during translational diffusion in the long-time limit, the particle's trajectory averages over many different configurations of its local surrounding, which allows for a description of the inhomogeneous environment acting in terms of an effective medium of (zero-shear) viscosity η(ϕ).
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Figure 4. Protein interaction strength as assessed by SAXS structure factors for a volume fraction of ϕ = 10%. The fits to hard-sphere (HS), screened Coulomb (SC), and SC plus short-range attraction (SC+A) models for αBc, BSA, and HEWL, respectively, are discussed in the next section. 22, 32 The solid lines correspond to predictions of long-time translational diffusion, eq 5, and are based upon an effective HS volume fraction, ϕ HS = k ϕ (k = 1, 2.1, and 1.5 for αBc, BSA, and HEWL, respectively). The dashed lines are HS predictions for rotational diffusion, eq 6, using the same rescaling factor k as obtained for translational diffusion.
In the literature, both accordance 21, 44 and mismatch 20, 21 between translational diffusion and viscosity were reported. It is important to note that, in studies reporting on a mismatch, tracer and crowding agent were different proteins, or even synthetic polymer crowders (Ficoll, polyethylene glycol) were used. In such studies, translational diffusion measurements solely report on the tracer species, whereas viscosity measurements are strongly dominated by the specific interactions among the crowder molecules due to their much higher volume fraction. For diffusion of the tracer proteins mixed with other proteins, transient binding may be important. 37 Quantitatively, the slow-down of long-time translational diffusion has been addressed via HS models, 45 resulting in
Proteins are subject to intermolecular interactions beyond the pure HS potential, in particular through electrostatic interactions. However, the size of the protein can be re-adjusted by use of an ef fective HS radius, corresponding to an effective HS volume fraction ϕ HS = k ϕ, k ≥ 1. Fits to eq 5 shown in Figure 5 correspond to k = 1, k = 2.1, and k = 1.5 for αBc, BSA, and HEWL, respectively. Note that k is the only adjustable parameter; k = 1 proves that translational diffusion of αBc follows HS behavior on the basis of the steric volume fraction, indicating only rather weak inter-protein interactions.
(De)coupling of Rotational Diffusion from Long-Time Translation and Macro-viscosity Is Protein Specific. For the three proteins investigated, the NMR and FCS results for the apparent rotational tumbling times τ r,ini are now compared to translational diffusion and the macro-viscosity; see again Figure 5 . Notably, the (de)coupling of rotational diffusion from translational diffusion and viscosity is evidently protein specific. Such behavior is in line with an increased importance of protein-specific intermolecular interactions and shape effects for rotational dynamics. 18, 46, 47 Note that, in our experiments, rotation is never observed to be more retarded than translation.
Both fluorescence spectroscopy data 20 and computer simulations 47 have revealed a decoupling between translational and rotational diffusion that is in full accordance with the αBc results. 22 In contrast, an NMR study of hetero-crowding 21 reported a decoupling in the opposite sense, i.e., rotational diffusion becoming more retarded than translational diffusion and viscosity. Colloid theories 24, 25 suggest that rotation in concentrated solutions is expected either to be less affected than or to scale with translation, provided that the concentration of dispersed colloids is well below the onset of the colloidal glass transition. Likely, the unexpected finding of ref 21 results from estimating rotational correlation times solely from site-resolved NMR T 1 /T 2 ratios 48 at a single resonance frequency, neglecting the non-exponential nature of the TCF. As has been shown recently, 32 such a treatment can lead to an erroneous estimation of the tumbling correlation time, especially at high concentrations. Systematic deviations are, however, hardly detectable by the traditional approach. 32 Coupling or decoupling of rotational from long-time translational diffusion and the relationship of these two quantities to the macroscopic viscosity can be generally assigned to the presence or absence of correlated motions among neighboring particles. For long-time diffusion, multiple independent encounters with other particles, that may have to rearrange cooperatively at high concentrations, 13 lead to its dependence on an average friction corresponding to the macroscopic zero-shear viscosity η(ϕ). In contrast, on the time scale of rotational diffusion (0.01−0.1 μs for HEWL, and ∼1 μs for αBc) the protein's local surrounding neither undergoes substantial reconfiguration, nor do particle collisions appreciably affect the rotational dynamics. In the absence of specific interactions rotational diffusion is almost unhindered. 38 Specifically, even a non-spherical object such as HEWL subject to only excluded-volume effects was shown to be able to rotate rather freely within its cage formed by the surrounding particles. 38 Still, local hydrodynamic effects 33 mediated via particle−solvent interactions retard rotational diffusion and account for a measurable but rather weak concentration dependence. In fact, we find that the slow-down of rotational diffusion of αBc with increasing concentration is again quantitatively reproduced by applying a corresponding HS model, 
without requiring rescaling of the effective HS volume fraction (k = 1, as for translational diffusion); see Figure 5 . Thus, the viscosity experienced by rotation is closer to that of the solvent than to the macroscopic viscosity, as often referred to as microviscosity. More precisely, as a short-time quantity rotational diffusion is considered to be sensitive to the viscosity determined in the limit of high shear rates, 18 ,50 usually denoted as η ∞ (ϕ). Hence, a decoupling of rotational from long-time translational diffusion is to be expected as long as η ∞ (ϕ) ≠ η(ϕ), as is well established for spherical colloids. 13, 18, 24, 25 For αBc and, to a lesser extent, BSA, we observe such a behavior.
Rotational vs Short-Time Translational Diffusion. In contrast to translational diffusion measured by PFG NMR, translational diffusion as detected by neutron scattering is measured on short length scales, corresponding to short observation times of 0.3 ns ≤ τ ≤ 5 ns. 33 The corresponding translational root-mean-square displacements amount to about 10 Å or even less, i.e. translational dynamics is probed solely within the cage formed by neighboring molecules. This situation corresponds to the time scale of rotational diffusion. Both rotational and short-time translational diffusion are considered, as mentioned above, to be related to η ∞ (ϕ); hence, one may expect a similar concentration dependence for these two diffusion processes. To address this point, Figure 5 also presents the short-time translational diffusion data for BSA measured by quasielastic neutron backscattering. 33 Indeed, the concentration dependence of short-time translational diffusion coincides with our data on rotational diffusion within the experimental uncertainty. This coincidence also reinforces that NMR relaxometry and FCS provide reliable results regardless of the polydispersity of the protein solution.
Role of Protein−Protein Interactions. HEWL, being a strongly charged protein under our conditions (pD = 3.8, no buffer), behaves qualitatively differently as compared to αBc and BSA; its rotation is fully coupled to long-time translational diffusion and macroscopic viscosity. Here, when using the same effective HS volume fraction as for translational diffusion, the hard-sphere model, eq 6, clearly fails in accounting for the concentration dependence of rotational diffusion ( Figure 5 ). Instead, approaching the experimental data requires a rescaling as large as k = 3.7 (compared to k = 1.5 for translational diffusion). Moreover, HS modeling intrinsically predicts a Journal of the American Chemical Society decoupling of rotational from long-time translational diffusion under crowding conditions, see above. Thus, with regard to the same concentration dependence of long-time translational and rotational diffusion, effective-sphere behavior cannot even qualitatively describe the HEWL experimental data. Our finding also stands in stark contrast to results of Brownian dynamics simulations of crowded HEWL solutions when shape effects and only excluded-volume interactions are considered. 38 Consequently, specific interactions must be of major importance and evidently lead to a correlation of the tumbling of a single HEWL molecule with the dynamics of its surroundings.
Our SAXS data ( Figure 4 ) provide direct evidence of the different nature of the interactions present in the three protein solutions studied. A qualitative but easily assessed piece of information is the concentration dependence of the low-q maximum of the structure factor, q max ( Figure 6 ). For a simple HS liquid such as αBc, 29 the maximum of the structure factor does not scale with the mean center-to-center distance of the particles, leading to a constant q max . In contrast, for long-range Coulomb repulsion particles tend to maximize their interparticle distances. Then, q max can be related to the inverse interparticle distance by q max = 2π/R cc and scales as ∼ϕ 1/3 , as is observed for both HEWL and BSA.
Qualitative differences in the charge−charge interactions for our three samples are further documented by the SAXS structure factors (Figure 4 ). For αBc, again, the HS behavior is supported by the perfect agreement of the experimentally derived structure factor with HS model predictions. In contrast, the structure factor of BSA agrees with the prediction of a screened Coulomb (SC) potential. In case of HEWL, the latter fit still exhibits systematic deviations at small q, indicating the presence of additional short-range attractive forces. This is demonstrated by comparison of the experimentally derived structure factor with the structure factor prediction of a SC potential and a SC potential with an additional short-range attractive Yukawa potential. The obtained ranges of about 39 and 2 Å for the long-range repulsive and short-range attractive interactions, respectively, are consistent with literature 51, 52 and match the behavior of patchy charged colloids. 53, 54 The different nature of intermolecular interactions in αBc, BSA, and HEWL solutions is also corroborated by the small but significant differences in the temperature dependence of viscosity and long-time translational diffusion shown in Figure  2 . The remarkable non-Arrhenius behavior and the somewhat increased (apparent) activation energy of HEWL at low temperatures as compared to that of pure water reflects significant inter-protein interactions and correlated motions, which ultimately lead to a calorimetric glass transition at high concentrations.
As a result of the short-range attraction, HEWL has long been discussed to form transient clusters upon increasing the concentration. 55, 56 The fact that attractive interactions are known to retard rotational diffusion beyond the limit of HS behavior 57 suggests that the phenomena may have a common origin. Note, however, that at all HEWL concentrations, our data on long-time translational diffusion (ms time scale) agree with the diffusion of monomers, which is not found in systems characterized by transient clustering. 37 Further work is certainly necessary to explore this issue.
Since the high overall charge of the HEWL monomers leads to repulsion, this in turn leading to decoupling rather than coupling of rotation and macro-viscosity in the case of isotropic spheres, 57 we suggest that the behavior of HEWL may be related to either a non-uniform charge distribution or chargeenhanced hydrodynamic effects combined with shape anisotropy, to be discussed below. Note that electrostatic multipole interactions and alignment effects give rise to net attractive interactions, 53 providing a rationale for the short-range attraction discussed above.
The quantitative understanding of anisotropic interactions between "patchy" charged colloids as a suitable model for proteins is of substantial current interest, 58 yet recent reports only focus on static structural and thermodynamic properties, 53, 54, 59 in particular protein solution-phase behavior.
60−63
We are so far not aware of any theoretical assessment of tumbling motion in such cases. The only experimental observation of rotational−translational coupling in a colloidal system was recently made in a suspension of homogeneously charged platelets. 64 Also in this case, effective-sphere models failed to explain the observation, and it was attributed to electro-hydrodynamic coupling effects.
Additional support of our hypothesis is provided by the increasingly non-exponential, tailed nature of the TCF as detected by NMR relaxometry. 19, 32 A similar phenomenon has been described even for spherical colloids at high concentrations, 18, 65 where it is most likely due to local concentration fluctuations. As mentioned under Results, a "slow tail" was modeled empirically by a second exponential component with a slower isotropization time τ s and (small) amplitude a s . We stress that our previous interpretation of a s in terms of a "model-free" order parameter S rot 2 should be considered critical, in view of the unknown shape of the TCF. 39 More detailed analyses are certainly required to extract physically more meaningful parameters. We just note that the parameter a s increases with concentration, as expected, 32 and is significantly larger for HEWL than for BSA. The relevance of charge for the apparent "slow tail" was proven by NMR experiments on HEWL solutions at different pH. 19 Along this line, experiments 66 and simulations 67 have demonstrated that HEWL orients along the electric field exerted by another protein (α-lactalbumin, 14 kDa).
In summary, we have discussed evidence that the observed coupling between protein rotational and translational diffusion (and also macroscopic viscosity) may be explained by shape- Figure 6 . Protein interactions as assessed by SAXS experiments. The plotted inverse maximum positions of the structure factor (2π/q max ) in dependence of the volume fraction ϕ are expected to decrease according to a power law for strong repulsive systems (q max −1 ∝ ϕ −1/3 , solid lines; BSA at ϕ = 1% was excluded in the fit). The value of 2π/ q max then relates to the average center to center distance between first neighbors. However, in case of screened, hard-sphere-like particles the concentration dependence of 2π/q max is strongly reduced (the dashed line gives the prediction for spheres with R = 58 Å).
and charge-related anisotropic protein−protein interactions, possibly combined with specific hydrodynamic coupling effects. With this, our results emphasize the importance of a prudent choice of the crowding agent in order to mimic in vivo conditions. Macromolecular crowding by flexible, possibly branched random-coil polymers such as Ficoll or polyethylene glycol results in a physically different situation compared to crowding by unevenly charged globular proteins. 11, 68, 69 At high concentrations, the random coils of flexible-polymer crowders interpenetrate, forming an entangled medium that is better described by established polymer physics concepts rather than colloid concepts based on excluded volume only. 68 
■ CONCLUSIONS
Upon increasing the concentration of globular proteins of widely different size and interactions, PFG NMR and FCS results on translational diffusion measured on a millisecond time scale are consistent and exhibit a scaling with the macroviscosity. Such behavior confirms the wide applicability of the generalized Stokes−Einstein relation for both mono-and polydisperse protein solutions.
In contrast, rotational diffusion, as assessed complementarily by NMR relaxometry and polarized FCS, is a short-time quantity, which is sensitive to the viscosity of the microenvironment. In case of weakly interacting, near-isotropic particles it is close to the viscosity of pure solvent, with only small corrections due to local hydrodynamics. However, a nonspherical shape and/or specific anisotropic interactions lead to a correlation between the rotations of neighboring proteins, coupling the tumbling motion to the macroscopic zero-shear viscosity.
We have found that the applicability of either scenario is protein-specific and that the whole range between these limiting cases known in colloid science is covered: our results reflect both full coupling and strong decoupling between rotational and translational diffusion (HEWL and αBc, respectively), as well as an intermediate case (BSA). SAXS measurements reflecting inter-particle interactions and previous NMR data 19, 32 emphasize the relevance of charge effects, combined with hydrodynamic coupling and transient anisotropy arising from a complex surface charge distribution and/or a non-spherical shape. This view is supported by patchy charge models that emphasize the relevance of mutual alignment effects. 53, 54, 70 Theoretical assessments of the tumbling motion of concentrated patchy charged colloids and especially proteins are so far not available, but we hope that our work provides a stimulus to develop a more complete physical understanding. This is also important for future NMR studies, in particular of crowded proteins, where the non-exponential character of the tumbling correlation function (TCF) with its apparent "slow tail", which likely arises from anisotropic protein−protein interactions, challenges established data analysis models. 32 Precise knowledge of the TCF may enable the development of physically well motivated and thus precise approaches. 39, 40, 71 Such endeavors will likely benefit from the complementarity of NMR and FCS results presented herein.
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SI1: PFG NMR and subͲensemble effects
Translational diffusion coefficients were measured via the pulsedͲgradient stimulated echo (PGSTE) technique, using bipolar gradient pulses [1] . This means that for spatial encoding as Hydrodynamic radii for BSA obtained from eq. (1) of the main paper (see Fig. S2 ) match at all concentrations the size of the monomer, demonstrating that there seems to be no significant signal contribution from the oligomers. Yet, as shown previously by sizeͲ exclusion chromatography and blue native (BN) PAGE on our BSA sample [2] , BSA contains a significant portion of oligomers (dimers up to hexamers) [3, 4] . These oligomers even remained on an SDSͲPAGE (Fig. S3) , i.e., under denaturing conditions. This indicates a high stability of the oligomers once the oligomers are formed. Indeed, the dimerization of BSA likely happens due to covalent binding among free sulfhydryl groups of cysteine [5] , providing longͲtime stable oligomers.
To explain this apparent discrepancy, we note that the inverse of the transverse relaxation time scales with rotational diffusion roughly as . Consequently, the slower the rotational dynamics of the particle, the faster the NMR signal decays during the encoding/decoding periods. This effect is of particular relevance if the transverse relaxation time T 2 is shorter than the duration of the gradient encoding periods. This is obviously the case for the oligomers in our BSA solutions. Consequently, our translational diffusion data for BSA reflect monomer diffusion within a polydisperse surrounding. 
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For HEWL, there is no further consequence, as it is purely monomeric [2] . The ɲBc oligomers, on the other hand, contain at their CͲterminus relatively long trains of unstructured residues with high mobility, competing the effect of slow overall rotation of the protein assembly. The finally detected NMR diffusion signal mainly results from these unstructured residues independently of the actual rotational correlation time of the overall assemblies. Thus, in this case, PFG NMR provides the full unbiased ensemble average of the ɲBc assemblies [6] .
SI2: Polarized fluorescence correlation spectroscopy (FCS)
Fluorescence microscope set up FCS experiments were conducted using a homeͲbuilt confocal microscope. The excitation light was provided by a fiber laser (FemtoFiber pro TVIS, Toptica) with pulse lengths below 1 ps and a repetition rate of 80 MHz. Two cube polarizers (PBSH, CVI Melles Griot) were used to build a polarizationͲdependent optical delay of 6 ns to realize a pulse train of orthogonal, linearly polarized excitation pulses with a total frequency of 160 MHz. The excitation light was fed into a singleͲmode fiber (LMAͲ8, NKT Photonics) for spatial filtering. After collimation the light was reflected by a dichroic mirror and focused by a microscope objective (Zeiss CͲApochromat, 63x/1.25, WI) into the sample solution. Fluorescent light collected by the microscope objective was split by a polarizing beam splitter cube and focused onto two singleͲphoton avalanche diodes (SPCMͲAQRHͲ14ͲTR, Excelitas). The active area of the singleͲphoton counting modules served as the confocal pinhole. The resulting effective focus volume as detected by diffusion measurements of unbound Alexa647 dye molecules was about 1.2 fL at excitation powers of 100 μW and 638 nm. Pulses from the detectors were fed into a TCSPC board (TimeHarp260, Picoquant) operating in the timeͲ tagged timeͲresolved mode with 25 ps time resolution.
Samples and sample preparation
FCS experiments of concentrated BSA solutions were conducted by adding small amounts of commercially available, fluorescently labeled BSA (A34785, Thermo Fischer Scientific) to the unlabeled, concentrated solutions. The labeled BSA molecules carried 4Ͳ5 AlexaFluor647 dyes per molecule with a fluorescence lifetime of 1.2 ns. The total protein volume fractions were determined by SAXS experiments (see SI3). For FCS measurements of ɲBc we took advantage of the serendipitous fluorescence of some ɲBc molecules in the solutions as prepared for NMR or SAXS measurements, with a fluorescence lifetime of 0.86 ns (see Fig.   S4 ). All FCS measurements were performed at a wavelength of 638 nm with excitation powers of 100 μW and 175 μW for BSA and ɲBc, respectively.
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Coupling and Decoupling of …
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CrossͲcorrelation analysis
All detected fluorescence photons were sorted with respect to the polarization of the excitation pulses and according to their relative polarization (see Fig. S4 ). While orthogonally polarized photons were discarded, the time series of the collinear polarized photons of the two excitation polarizations were crossͲcorrelated, leading to an antiͲcorrelated buildͲup term in the correlation function on the time scale of rotational motion and a correlated decay on longer times due to translational motion (see Fig. 1 in the main text) . At small lag times ɒ, the characteristic time scale of rotation can be determined by a monoͲexponential fit
where ‫ݕ‬ and ‫ܣ‬ are some amplitude factors, ‫ݐ‬ is a systemͲdependent time offset, and ߬ is the characteristic time of rotation. Following the fitting procedure as described in ref. [7] , combined correlation functions, , respectively, which was calibrated using reflections of silver behenate. After subtraction of the scattering background the scattering intensities were normalized according to the protein concentration, see Fig. S6a . The form factors were determined at low concentrations (0.5Ͳ2 vol%) and for HEWL and BSA with added salt (0.3Ͳ 0.5 M NaCl) for electrostatic screening. The experimentally determined form factor intensities were analyzed using a program provided by NIST [8] : The form factor of BSA could be fitted to the scattering intensity of an oblate ellipsoid [9] (a=1.690.02, b=c=4.560.02 nm), HEWL to a prolate ellipsoid [10] (a=b=1.390.01 nm, c=2.440.02 nm) and ȽBͲ crystalline to a Schulz distribution of spheres [11] with an average radius of 5.860.04 nm and a polydispersity of 0.150.01. The structure factors were determined by division of the measured, backgroundͲcorrected and concentrationͲnormalized scattering intensity I scat /c by the concentrationͲnormalized form factor intensity, and were likewise analyzed using the program available from NIST [8] via applying the implemented fitting protocols for a hardͲ sphere, screenedͲCoulomb and twoͲYukawa interaction potential. The position of the maximum of the structure factor did not depend upon whether the measured intensity or the fitting curve for the form factor was used for the calculation. An additional correction factor was finally used to address small concentration and/or volume uncertainties in a way that the structure factor at high qͲvalues was about 1. Fig. S6b shows the determined structure factors exemplary for HEWL at different concentrations.
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SI4: Polydispersity and anisotropy effects in NMR relaxometry
Effect of polydispersity (BSA)
In our NMR relaxometry study [2] , we analyzed the NMR data of BSA in two ways: (i) Using two components of mass fractions 
The quantity defined in this way corresponds to the initial slope of the rotational correlation function, and is safely determined during data fitting. Yet, when neglecting the contribution of oligomers ( The NMR relaxometry data of ɲBͲcrystallin report on the average rotational correlation time of the ɲBͲcrystallin assemblies [6] . Since HEWL is the only truly monodisperse protein in our study, one might tentatively take this as the origin of its specific concentration behavior in comparison to BSA and ȽBͲ crystallin. However, it has been shown that both monoͲ and polydisperse spherical colloids reveal a clear decoupling between rotational and translational diffusion with increasing concentration [12] , such that polydispersity cannot explain our main findings. 
S9
Effect of shape anisotropy
In general the shape of a protein differs from that of a symmetric, spherical object. In our NMR relaxometry study [2] providing the data presented in the main article we assumed a spherically symmetric diffusion tensor, i.e., describing the main tumbling motion of the protein (the fast dominating component of the overall rotational correlation function, i.e. "normal" Brownian tumbling) by a single correlation time. As described below, this simplification can be justified.
As the simplest approximation accounting for a nonͲspherical shape, the protein may be described by an axially symmetric ellipsoid, going along with two intrinsic relaxation times, ʏ a and ʏ b for rotation about the principal axes a and b, respectively. For a prolate ellipsoid of axis ratio p < 1, the ratio * of the corresponding rotational correlation times reads [14] The spectral density as resolved by NMR relaxometry than reads [15] Here, E is the angle of the interͲnuclear vector with the principal axis of the diffusion tensor. Performing highͲfield NMR studies, in which spectral resolution allows discriminating among different spin pairs, the impact of an ellipsoidal shape can indeed be resolved [16] . However, as we rely on a lowͲfield NMR signal, only an integral proton signal can be analyzed. Under such circumstances, the effect of a nonͲspherical shape of the protein is not as evident as for highͲfield NMR measurements. Here, due the multitude of different orientations of the interͲnuclear vector, we assume an isotropic distribution of Table S1 ). Since NMR relaxometry is sensitive to r ZW on a logarithmic scale, the effect of shape anisotropy is thus negligible.
To demonstrate the negligible contribution of an ellipsoidal shape on our NMR relaxometry data analysis, relaxation times of HEWL were fitted both by accounting for its ellipsoidal shape, and by using the simpler model of a spherical object. As expected, both models provide within the experimental uncertainty the same results; see Table S2 . For BSA,
we refrained from such an analysis since no information on the shape (and distribution of sizes) of the oligomers are available. Given the increased extent of excludedͲvolume effects at high protein concentration, one may wonder about the impact of an ellipsoidal shape of the protein. Under crowding, rotation about the short principal axis can be considered to be more retarded than rotation about the long axis. In particular, the slow component of rotational diffusion might be considered to originate from this kind of rotational anisotropy, i.e., it may be possible to model it via an apparently large shape anisotropy. 
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Coupling and Decoupling of … S11 Table S2 : Fitting results for HEWL assuming a spherical object (S) as compared to fitting the same data using an ellipsoidal representation (E) of the protein. Data for (S) was directly taken from ref. [2] ; data for (E) was obtained by a new analysis of the NMR relaxation times reported in ref. [2] . To investigate this effect, we allowed for an adjustable axis ratio during the fitting procedure, with no additional account of the "long tail" (i.e., Table S3 . Also note that the slow component of rotational diffusion already affects NMR relaxometry data analysis at 65 mg/ml HEWL, see ref. [2] and Table S2 . Fitting the NMR relaxation times at this concentration using a freely adjustable apparent axis ratio, one observes an apparent axis ratio as large as 1:12 despite of the less pronounced excluded volume effect at this rather low concentration. Moreover, to compensate for the corresponding slow rotation about the short axis, the fit provides a [17] . Given the unphysical fitting results at this low reference concentration, we refrained from considering this model, and rely on modeling the "slow tail" of rotational diffusion as described in the main text. It is also noted that the overall fitting quality in terms of the normalized 
